Abstract: Application of multilevel inverters has been an active research area in recent years due to their growing importance in various diversified electrical utilities. A three-phase inverter with a single DC source employing a three-phase transformer for a grid-connected photovoltaic (PV) system controlled using the modified space vector pulse width modulation technique (MSVPWM) for fifteen switches is presented in this paper. An MSVPWM technique is implemented through a field-programmable gate array (FPGA) and generates high quality gate pulses to the switches in the inverter. The main advantages of the proposed inverter topology are reduced number of power switches, transformers and minimum total harmonic distortion (THD). The perturb and observe maximum power point algorithm is used to obtain the maximum power from the PV panel at all climatic conditions. The performance of the proposed system is validated through MATLAB/Simulink as well as an FPGA-based prototype model.
Introduction
Nowadays, a number of research works focus on renewable energy-based multilevel inverters (MLIs), particularly in grid-connected applications due to their potential excellence in maintaining the harmonic standards of IEEE 519-1992. Among the various renewable energy sources, PV systems have been extensively utilized as they are pollution free and have the largest energy potential. A large number of nonlinear loads have been deployed for commercial and noncommercial purposes due to the demand from electrical utilities, where the PV panel has been used as the input DC source. Conventional three-level inverters have major drawbacks such as high dv/dt, high power losses, electromagnetic interference problems, and high THD. Hence MLIs are extensively used especially in grid-connected applications [1] [2] [3] [4] [5] . MLIs can be classified into three topologies, namely diode clamped, flying capacitors, and H-bridge cells with separate DC sources. Among these inverter topologies, clamped diode needs complex pulse width modulation control because additional capacitors and diodes are necessary for generating more levels and more power losses. In the case of flying capacitor MLIs, the capacitor voltage balancing problem dominates and requires a complex switching algorithm to solve. Moreover, flying capacitor MLIs are not suitable for high voltage and high power applications. In order to control the MLIs various types of control strategies and modulation schemes are presented [6] [7] [8] [9] . In recent years, the cascaded H bridge multilevel inverter has been widely used in high voltage and high power applications with separate DC sources that could easily be interfaced to the MLIs to deliver higher output voltages with minimum THD. However, the major limitation is that cascade MLIs require a greater number of DC sources for an M level inverter ([(M -1)/2] × 3). Additionally, a short circuit may take place across the independent DC sources and the topology comprises a greater number of switches, which in turn results in excessive power losses, increases the converter size and cost, and reduces the reliability of the system [10, 11] . Cascade MLIs employing a three-phase transformer with a single DC input are proposed in the literature, but this requires additional transformers, which results in increased system size and cost [12, 13] . To overcome the above-stated problems, an MSVPWMbased three-phase inverter with reduced switches using a single DC source for a grid-connected PV system is presented in this paper. A proportional integral (PI) controller is used as a current controller in this paper [14] [15] [16] . Different types of maximum power point tracking (MPPT) algorithms are presented in the literature [17, 18] . Based on the survey, the perturb and observe (P&O) MPPT algorithm can be chosen to obtain the maximum power from the PV panel at all climatic conditions. In the proposed work the number of switches required for the inverter is reduced and this results in reduced switching losses and the THD is reduced. The proposed topology is validated through MATLAB/Simulink and implemented using the FPGA-based prototype model.
PV system description
A semiconductor device that converts solar irradiation into electrical energy is named a photo voltaic cell and this effect is called the photovoltaic effect. The PV panel acts as the input DC source for the inverter. The electrical power generated by a solar PV panel mainly depends on the operating conditions, solar irradiation in w/m 2 , temperature in degree Celsius, number of cells, short circuit current (I sc ), etc. In this proposed system, in order to attain the maximum power from the PV panel, the P&O MPPT algorithm has been used [19] [20] [21] [22] . The voltage and current relations for a single diode model array can be expressed as
where I L is the photon current, I 0 is the reverse saturation current of the diode, q is the electron charge constant (1.6 × 10 −19 C), k is the Boltzmann constant, and T c is the cell temperature in • C. The boost converter comprises a current smoothening inductor L 1 , MOSFET, and diodes. The boost converter is used to boost the input DC voltage and is pumped to the inverter. This step up conversion is carried out by injecting the gate pulses to the MOSFET switch S 1 , as shown in Figure 1 . The two capacitors are used in the DC busC 1 , C 2 with the same rating. to generate the proper gating pulses to the switches in the inverter. The filtered sinusoidal output from the inverter is fed to the isolation transformer. The isolation transformer is connected to the grid and the filtered sinusoidal waveform could be stepped up, stepped down, or sent as such depending on the requirement and is interfaced with the grid. The proposed three-phase inverter topology with single DC source is modified from the references [23, 24] .
Proposed three-phase inverter configuration

Design of LC filter
The three-phase LC filter circuit is designed to filter the current injected into the grid. The injected current must be sinusoidal with low harmonic distortion. The values of L and C obtained from Eqs. (2) and (3) are as follows:
Filter inductance (H) is given by the equation
where ∆i lmu is the ripple current. This can be 10% of rated current.
Filter capacitor in C is given by
where V 2 rated = 400 V, P rated = 6.6 kW, f = 50 Hz. The values of L and C are obtained using equations.
Control strategy of the proposed inverter
In this proposed approach, a Park transformation control strategy is used to separate the active and reactive component of the overall current. The distortion in the current is minimized by using a PI controller.
The formulations of Park transformation (abc to dqo) are given by the following equations:
Instantaneous active current component I d is given by
Instantaneous reactive current component I q is given by
Zeroth current is given by
The formulations of the inverse Park transformation (dqo to abc) to convert the filtered current is as below.
Reference voltage V a is given by
Reference voltage V b is given by
where I a = Phase a inverter current,I c =Phase c inverter current, 
Pulse width modulation technique
The PWM technique comprises a current control strategy, space vector pulse width modulation, reference wave generator, and comparator as shown in Figure 2 . The inputs to the current controller are grid voltage, inverter current, reference instantaneous active current component from the DC link capacitor, and the reference instantaneous reactive current component, which is set as zero in this approach [25] . 
PI controller
The reason behind the extensive use of the PI controller is its effectiveness in the control of steady-state error of a control system and also its easy implementation. K p and K i are the proportional and integral gains, respectively; these gains depend on the system parameters. Err is the error signal, which is the difference between the instantaneous active current component I d and reference instantaneous active current componentI d * . Similarly, this error could also represent the difference between the instantaneous reactive current component I q and reference instantaneous reactive current component I q *.
In the above equation y (t) represents V d /V q , which is clearly shown in Figure 3 . The fundamental procedure for tuning the PI controller is to increase the proportional gain until a significant response is achieved. At this point, if the K i value is tuned, the corresponding steady state error can be eliminated.
Space vector pulse width modulation
Space vector PWM comprises six sectors for five switches. Among the five switches, four switches belong to the H-bridge inverter and the other one belongs to the auxiliary inverter. PWM controls the inverter output voltage and minimizes the THD considerably. Moreover, filters such as LC and LCL may not eliminate the lower order harmonics effectively and hence in this paper space vector PWM has been used. 
Principle of space vector PWM
The working principle of MSVPWM is discussed in this section [26] . ) and the appropriate sector for that angle is identified. Now each sector represents 60
• . Then, based on the identified sector, the corresponding switching time vector is assigned as shown in Table 1 . Figure 4 shows the basic switching vectors and sectors in MSVPWM. The adjacent vectors in each sector of MSVPWM need to be averaged. Two adjacent vectors and zero vectors are combined to generate the appropriate PWM signals. Sector Switching time vector 1
Time duration calculation
The time durations, T 1 , T 2 , and T z are clearly depicted in Figure 5 . The formulations to determine the time durations are also evaluated. 
where modulation index 'k' is defined as
fs ;f s = switching frequency. Table 2 , wherein '1' represents the 'ON' position and '0' represents the 'OFF' position. The levels of the inverter are decided based on this switching sequence.
Reference wave generator
Results and discussion
Simulation results
The MSVPWM-based three-phase inverter with a single DC source for a grid-connected PV system is simulated in MATLAB/Simulink. The simulations are carried out on a 6.6 kW (i.e. 400 V @ 5.5 A) and the PV panel is assumed to be operated at 1000 W/m 2 and implemented using a Spartan 6A FPGA development board. The simulation results are shown in Figures 6-8 . 
Experimental results
The laboratory prototype model of the proposed three-phase inverter is implemented using a Xilinx Spartan 6A FPGA development board and the same is tested in the laboratory as shown in Figure 9 . The output of the PV panel is connected to the boost converter, which is controlled by the pulses from the FPGA based on the MPPT algorithm developed using the P&O technique. The input for the mathematical modeling using MPPT is obtained by sensing the PV panel voltage and current, which are given as input to the FPGA. The output of the boost converter is maintained constant irrespective of changes in the input. The single input DC source of the boost converter is fed as input to the three-phase inverter. The pulses for the three-phase inverter are obtained by measuring the grid voltage and inverter current, which is given as input for the MSVPWM technique programmed in the FPGA development board. The FPGA generates pulses for the fifteen switches according to the input signals given for computation.
In the experimental setup 37 Tata BP Solar panels of the rating 6.6 kW (37 panels × 180 W) are used. The DC bus consists of two capacitors of 2600 mu F each; the DC bus voltage is set to 570 V. In the three-phase inverter 5 switches for each phase are used and one switch acts as auxiliary switch while the remaining four Figure 9 . Simplified block diagram of the experimental setup switches act as a normal H bridge inverter. IGBT SKM50GB12T4 is used for the inverter and four power diodes are used in parallel with the auxiliary switch. The gating pulses of the proposed inverter generated from the FPGA are shown in Figures 10-12 . The output of the inverter is given to a three-phase transformer and the filtered sinusoidal voltage and current waveforms are obtained using three-phase LC filters. The filtered three-phase voltage and current are shown in Figures 13 and 14 . The THD of the output waveform is 1.7% as shown in Figure 15 and photos of the experimental setup are shown in Figures 16(a) and 16(b) . The devices used for the experimental setup are shown in Table 3 . Table 4 shows the comparison of a number of power devices used in the proposed approach with two existing approaches inferred in [11] and [12] . The devices' comparison mainly includes the switches, input source, and transformer. It is observed from Table 4 that the switches used in the proposed approach number 15, whereas the existing approach [11] and [12] use 24 switches for the consideration of five levels. Thus, the switching power losses are considerably reduced in the proposed approach. Additionally, the input DC sources used in the existing approach [11] number six, whereas the proposed approach uses only one DC source. Similarly, three transformers were used in the existing work [12] , whereas the proposed approach uses only one transformer. Thus, from Table 4 it is clearly observed that the proposed approach uses fewer devices, which in turn would result in lower complexity and cost. The THD performance of the proposed system is shown in Table 5 . 
Device comparison
Percentage of THD (simulation)
Percentage of THD (experimental)
1.2% 1.7%
Conclusion
In this paper, an efficient modified space vector pulse width modulation control strategy-based three-phase inverter with a single DC source for a grid-connected PV system has been presented. The proposed three-phase inverter system has a minimal number of switches and transformers, and offers minimum THD when compared with the existing system, which in turn minimizes the switching power loss and cost as well as weight. The other major advantage of this system is that the inverter connects with a single DC source with proper voltage balancing. Simulations are carried out in MATLAB/Simulink and a prototype model is also implemented using a Spartan 6A FPGA development board. The comparison of hardware results shows close agreement with simulation results.
